Introduction {#S5}
============

Traumatic brain injury (TBI) is the leading cause of injury related death in children and young adults ([@R1]), with boys and children under 4 years having particularly poor outcomes ([@R2]). Cerebral perfusion pressure (CPP) is defined as mean arterial pressure \[MAP\] minus intracranial pressure \[ICP\]). CPP is low after TBI, causing cerebral ischemia and impaired cerebral autoregulation ([@R1]--[@R3]). The 2012 Pediatric Guidelines direct clinicians to keep CPP above 40 mm Hg in children after TBI ([@R4]). However, strategies that use employment of vasoactive agents to increase MAP and thereby augment CPP following TBI, such as norepinephrine (NE), phenylephrine (Phe), epinephrine (EPI) and dopamine (DA) ([@R5]--[@R7]) have not been rigorously conducted so as to compare their relative effects on protection of cerebral autoregulation and improvement of ultimate outcome post insult. The cerebral effects of these commonly used drugs in clinical care of TBI patients are not known.

By definition, cerebral autoregulation is a means by which to maintain constant CBF over a range of blood pressures. Cerebral autoregulation has been prior studied by us in a newborn pig model of TBI, fluid percussion injury (FPI) ([@R8]). Pigs have a gyrencephalic brain containing a white/grey ratio more similar to the human. The latter is important because white matter is more vulnerable to injury following TBI. Previous studies showed that cerebral autoregulation is more impaired in young and male compared to female and older pigs after TBI, which parallels the clinical experience ([@R8]--[@R12]). From a mechanistic standpoint, our earlier studies have noted a more augmented increase in the phosphorylated form of the extracellular signal-related kinase (ERK) isoform of mitogen activated protein kinase (MAPK) in males compared to females following FPI, which contributed to the equally noted greater impairment of cerebral autoregulation in the former compared to the latter ([@R12]).

Prior studies have investigated the possibility that choice of vasoactive agent may contribute to differences in outcome in male and female newborn pigs following FPI. For example, Phe protected cerebral autoregulation in newborn females due to blockade of phosphorylation of ERK and release of the spasmogen ET-1 but augmented release of these mediators in newborn males following FPI ([@R13],[@R14]). However, DA equally prevented impairment of cerebral autoregulation, which was associated with blockade of ERK phosphorylation in both sexes following FPI ([@R14]).

In clinical studies, impairment of neurovascular unit (NVU)-mediated autoregulation following TBI appears linked to Glascow Coma Scale (GCS), with greater autoregulatory impairment associated with worse GCS ([@R3]). Because we had prior noted that autoregulation was more impaired in newborn compared to juvenile pigs ([@R8]), we were interested to determine if the sex based protection of cerebral hemodynamics after FPI with Phe treatment was the same or different in the older juvenile pig and how that related to brain tissue injury post injury. In the present study we therefore investigated whether Phe protects autoregulation and limits histopathology after FPI in male and female juvenile pigs and the role of ERK and ET-1 in that outcome.

Materials and Methods {#S6}
=====================

Anesthetic regimen, fluid percussion brain injury, and visualization of pial arteries {#S7}
-------------------------------------------------------------------------------------

All animal protocols were approved by the University of Pennsylvania Animal Care and Use Committee. Juvenile pigs (4 weeks old, 6.0--7.0 Kg) of either sex were studied. The anesthetic regimen consisted of: pre-medication with dexmedetomidine (20 μg/kg im), induction with isoflurane (2--3%), isoflurane taper to 0% after start of total intravenous anesthesia with midazolam (1mg/kg/hr), fentanyl (100 ug/kg/hr), propofol (2--10 mg/kg/hr), dexmedetomidine (2 μg/kg/hr) and saline (2ml/kg/hr). Blood pressure was monitored via a catheter placed in the femoral artery. The pigs were intubated and ventilated with room air. Temperature was maintained in the normothermic range (37°--39° C), monitored rectally.

The closed cranial window technique was used for measurement of pial artery diameter and collection of CSF for ELISA analysis ([@R11]--[@R13]). ICP was determined with an Integra Camino monitor. A laser Doppler probe was used to measure CBF qualitatively. CBF was measured quantitatively in the cerebral cortex and hippocampus using radioactively labeled microspheres ([@R13]. The method used to induce moderate (2 atm) brain FPI has been described previously ([@R13]).

Protocol {#S8}
--------

Thirty pigs were randomized to one of each experimental intervention group (all n=5): (1) sham control (craniotomy but no injury), (2) FPI, (3) FPI post-treated with Phe. CPP was targeted (65--70 mm Hg per 2012 Pediatric Guidelines) to determine the dose of the iv infusion (typically 0.8--1.3 ug/kg/min iv) of Phe and Phe treatment is started when CPP decreases below 45 mm Hg. Animals in which pial artery reactivity and histopathology were determined were the same, allowing for within animal comparison of outcome. These animals were already being given an infusion of saline (to accommodate for loss during ventilation) and in prior studies an infusion of saline elevated above the latter did not make a significant difference in support of CPP over the prolonged time period of the protocol (4h post FPI) ([@R15],[@R16]).

Cerebral autoregulation was tested via two techniques. The first quantified the transient hyperemic response ratio (THRR) ([@R16], [@R17]). In the second, hypotension was used as the stimulus and was produced by the rapid withdrawal of either 5--8 or 10--15 ml blood/Kg, yielding moderate or severe hypotension (decreases in MAP of 25 and 45%, respectively). The decrements in blood pressure were maintained constant for 10 min by either additional blood withdrawal or blood reinfusion. The vehicle for all agents was 0.9% saline. In sham control animals, responses to THRR, hypotension (moderate, severe) and papaverine (10^−8^, 10^−6^ M) were obtained twice; once and then again 1h later. In drug post-treated animals, drugs were administered after FPI and responses to THRR, hypotension and papaverine and CSF samples collected at 1h post insult. The order of agonist administration was randomized within animal groups. We waited 20 min in between rounds of stimuli each set of stimuli to normalize hemodynamic and biochemical conditions.

ELISA {#S9}
-----

Commercially available enzyme-linked immunosorbent assay Kits were used to quantity CSF ERK MAPK and ET-1 (Assay Designs, Farmingdale, NY; Phoenix Belmont, CA) concentration.

Histologic Preparation {#S10}
----------------------

The brains were prepared for histopathology at 4h post FPI using prior published methods ([@R16]). We determined mean number of necrotic neurons (± SEM) in CA1 and CA3 hippocampus in vehicle control, FPI, and FPI + Phe, treated pigs with data displayed for the side of the brain contralateral to the site of injury (the side where pial artery reactivity was investigated). Morphologic criteria for a necrotic neuron are: 1. Pyknosis, 2. Granulation of the cytoplasm, and 3. The emergence of an unstained area between the nucleus and the cytoplasm. The investigator was blinded to treatment group. Neuronal pathology scoring was described based on damaged neurons/1.2 mm^2^ of a specific anatomic region as either mild ([@R1]--[@R5]), moderate ([@R6]--[@R15]), or severe (\> 15).

Statistical analysis {#S11}
--------------------

Values for pial artery diameter and CSF biochemical values were analyzed using ANOVA for repeated measures. If the value was significant, the data were then analyzed by Fishers protected least significant difference test. An α level of p\<0.05 was considered significant in all statistical tests. Values are represented as mean ± SEM of the absolute value or as percentage changes from control value. Using power analysis, we determined shows that a sample size of 5 yielded statistical significance at the p\<0.05 level with power of 0.84 for hemodynamic data. Power analysis for histopathology and biochemical indice had powers of 0.82 and 0.85, respectively.

Results {#S12}
=======

Phe protects autoregulation in female and male juvenile pigs after FPI {#S13}
----------------------------------------------------------------------

The level of injury was equal in male and female juvenile pigs (1.9 ± 0.1 vs 2.0 ± 0.1 atm). We chose CPP based on the 2012 Pediatric Guidelines to determine the dose of the iv infusion (in μg/kg/min) of Phe. The infusion of Phe began when CPP dropped below 45 mm Hg. CPP values for sham, FPI, and FPI +Phe were 70 ± 7, 45 ± 4, and 66 ± 3, respectively in males and 71 ± 7, 45 ± 5, and 70 ± 2 mm Hg, respectively, for sham, FPI, and FPI + Phe in females. ICP increased after TBI, but such elevations were blunted by Phe, resulting in normalized (elevated) CPP.

In sham piglets, the THRR was similar in male and female juvenile pigs ([Fig 1](#F1){ref-type="fig"}). During unilateral and bilateral carotid artery compression THRR decreased following FPI to a modestly greater level in male compared to female juvenile pigs ([Fig 1](#F1){ref-type="fig"}). Decreases in THRR values were prevented by Phe following FPI in both males and females ([Fig 1](#F1){ref-type="fig"}).

Moderate and severe hypotension (24 ± 1 % and 45 ± 2% decrease in MAP, respectively) produced reproducible increases in pial artery diameter in sham pigs. Pial artery dilation in response to hypotension was similar in male and female juvenile pigs ([Fig 2](#F2){ref-type="fig"}). However, pial artery dilation in response to hypotension was impaired in males and females, but the amount of impairment was significantly larger in the male compared to the female pig ([Fig 2](#F2){ref-type="fig"}). Phe administered following FPI protected pial artery dilatation in response to hypotension in males and females after FPI ([Fig 2](#F2){ref-type="fig"}). Papaverine (10^−8^,10^−6^M) produced pial artery dilation that was not affected by FPI and Phe ([Fig 3](#F3){ref-type="fig"}), indicating that alteration of vascular reactivity after FPI was not an epiphenomenon.

Phe blocked elevation of CSF ET-1 and ERK MAPK in juvenile male and female pigs after FPI {#S14}
-----------------------------------------------------------------------------------------

CSF ET-1 and phosphorylated ERK MAPK concentrations were increased more in juvenile males compared to females following FPI ([Fig 4](#F4){ref-type="fig"}). Phe blocked such elevations in CSF ET-1 and ERK MAPK concentration in both males and females ([Fig 4](#F4){ref-type="fig"}).

Phe prevented loss of neurons in CA1 and CA3 hippocampus in juvenile males and females after FPI {#S15}
------------------------------------------------------------------------------------------------

The quantity of necrotic neurons in CA1 and CA3 hippocampus was elevated following FPI, which was blocked by Phe in both juvenile males and females ([Fig 5](#F5){ref-type="fig"}). We observed more necrotic neurons in males compared to females following FPI ([Fig 5](#F5){ref-type="fig"}).

Blood Chemistry and temperature {#S16}
-------------------------------

There were no statistical differences in blood chemistry values amongst groups. For example, values of 7.44 ± 0.05, 35 ± 4, and 91 ± 11 and 7.43 ± 0.06, 39 ± 5, and 97 ± 12 mm Hg for pH, pCO2, and p O2 were obtained in sham controls. Values of 7.45 ± 0.04, 33 ± 6, and 91 ± 12 and 7.44 ± 0.03, 36 ± 6, and 94 ± 13 mm Hg were obtained in FPI treated animals. These values were obtained at the beginning and at the end of these experiments.

Discussion {#S17}
==========

Results of the present study show that Phe prevents impairment of cerebral autoregulation and limits necrosis of hippocampal CA1 and CA neurons following FPI in both male and female juvenile pigs. These observations are distinctly different from that determined to be the case in the younger population of pigs wherein Phe prevented impairment of cerebral autoregulation only in newborn female but not newborn male piglets following FPI ([@R13]). Taken together, the present study is the first to demonstrate that there are both sex and age related differences in outcome, with use of Phe to normalize CPP after TBI. Using parameters such as brain water content, suture closure, and others, brain growth curves have been constructed for several species to allow for approximations of human age ([@R9]). From the latter approach, newborn and juvenile pigs may approximate the human neonate (6 months- 2yrs old) and child (8--10 yrs old) respectively ([@R9]). The present data therefore advocate for use of precision medicine approaches in treatment of younger and older boys and girls following TBI. While we noted some modest differences in outcome between juvenile males and females in this study, such data are insignificant in contrast to the newborn male after TBI where Phe had no ability to limit impairment of cerebral autoregulation post injury.

Results of the present study also noted a relationship between ET-1, ERK MAPK and outcome after FPI. For example, impairment of cerebral autoregulation is associated with elevation of the CSF concentration of the spasmogen ET-1 and ERK MAPK. Administration of Phe blocked such upregulation and correspondingly prevented impairment of cerebral autoregulation, suggesting upregulation of both ET-1 and ERK were causally related to impaired cerebral hemodynamics in the juvenile pig. Prior studies conducted in the newborn pig after FPI using pharmacological antagonists of ET-1 and ERK more rigorously demonstrated this cause-effect mechanistic relationship ([@R14]). In particular, these studies showed that ET-1 upregulation in the setting of TBI causes release of superoxide, which, in turn, increases the amount of phosphorylated ERK MAPK ([@R14]). During hypotension, pial arteries vasodilate to maintain constant CBF (autoregulation) and such vasodilation is dependent on opening of K channels (particularly Katp and Kca) ([@R14]). However, the ERK released after TBI impairs K channel function, thereby impairing cerebral autoregulation and producing cerebral ischemia ([@R14]). In the present study, by preventing upregulation of ET-1 and ERK MAPK, Phe prevents impairment of cerebral autoregulation presumably by protecting K channel mediated vasodilation.

A third important observation in the present study relates to ability of Phe to prevent histopathology in both male and female juvenile pigs. In clinical studies, impairment of autoregulation following TBI is linked to worsening of the GCS ([@R3]). Therefore, a provocative conclusion from the present study is that interventions post TBI that are designed to preserve autoregulation might have the value added benefit of also improving cognitive outcome. However, we caution that cognition depends on more than the hippocampus and cognitive testing was not performed in the present studies. Additionally, histology was only assessed at an early time point (4h post injury). Therefore, additional studies will be needed to determine if prevention of loss of NVU integrity durably improves cerebral hemodynamics and cognitive function after pediatric TBI.

Results of the present study finally extend prior work supportive of the hypothesis that choice of vasoactive agent has important consequence in determining outcome as a function of sex and age after TBI. Thus far, we have described the actions of three different vasoactive agents: Phe, DA, and NE. The effects of NE on outcome after TBI have been prior studied in two ages. The contribution of ERK MAPK to impairment of cerebral hemodynamics was investigated in all studies. We used Phe in the first study ([@R13]) because it is often chosen in treatment of TBI in young children due to its longer duration of action and peak elevation of MAP ([@R10]). We observed that both Phe and NE selectively protected cerebral autoregulation in the newborn female though blockade of ERK MAPK phosphorylation. Newborn males were not protected and these pressors actually potentiated phosphorylation of ERK MAPK following FPI ([@R13],[@R15]). New data show that Phe prevented impairment of autoregulation in juvenile male and female pigs due to blockade of ERK MAPK phosphorlation, indicating that for this pressor both age and sex will determine outcome. A similar pattern of age and sex dependency in outcome was observed for NE ([@R15],[@R16]). However, DA protected cerebral autoregulation equivalently in both male and female newborn pigs due to equal blockade of ERK MAPK phosphorylation ([@R18]). These data suggest that use of DA might be preferable in treatment of newborns and either NE or Phe for older children.

There are several limitations to this study. ERK MAPK was assayed in CSF and used as an indirect index of what may happen to the cellular concentration within brain parenchyma. We do not feel that this reflects damage or pathology because we have reproducibly detected MAPK in CSF under control conditions and monitored its change with a range of stimuli ([@R13]). Changes in CSF concentration therefore reflect intracellular events.

Conclusions {#S18}
===========

There are no evidence based guidelines or recommendations regarding choice of vasoactive agent after adult or pediatric TBI. Choice of vasoactive agent across medical centers is variable, and may be related to outcome. The ongoing multiple medical therapies (MMT) project ([@R19]) will provide 3,6, and 12 month outcome for patients given various pressors for CPP support. However, this project will not be able to answer cerebral autoregulation or mechanistic questions. Therefore, results of this study inform the downstream interpretation of cerebral hemodynamic findings observed in the MMT project. In conclusion, Phe preserves cerebral autoregulation and limits histopathology after TBI through blockade of ERK MAPK and ET-1 in an age and sex dependent manner.
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![THRR during unilateral and bilateral carotid artery compression in (A) juvenile male and (B) female pigs before (sham), after FPI, and after FPI treated with Phe, n =5 \*p\<0.05 compared to corresponding sham value, ^+^p\<0.05 compared to corresponding FPI alone value, ^\#^p\<0.05 compared to corresponding female value.](nihms860952f1){#F1}

![Influence of FPI on pial artery diameter during hypotension (moderate, severe) in (A) juvenile male and (B) juvenile female pigs. Conditions are before (sham control), after FPI, and after FPI treated with Phe, n =5. \*p\<0.05 compared to corresponding sham value, ^+^p\<0.05 compared to corresponding FPI alone value, ^\#^p\<0.05 compared to corresponding female value.](nihms860952f2){#F2}

![Influence of papaverine (10^−8^, 10^−6^ M) on pial artery diameter in (A) juvenile male and (B) juvenile female pigs. Conditions are before (sham control), after FPI, and after FPI treated with Phe, n =5.](nihms860952f3){#F3}

![Influence of FPI and FPI + Phe on ET-1 amd phosphorylated ERK MAPK (pg/ml) before (0 time) and 4h after FPI in (A, B) juvenile male and (C, D) juvenile female pigs, n=5. \*p\<0.05 compared to corresponding 0 time value, ^+^p\<0.05 compared to corresponding FPI alone value, ^\#^p\<0.05 compared to corresponding female value.](nihms860952f4){#F4}

![(A) Low magnification (40×) typical juvenile male sham control showing both CA1 (\#1) and CA3 (\#2) hippocampal regions. (B) Higher magnification (100×) typical juvenile male sham control CA3 hippocampus. (C) Typical juvenile male FPI CA3 hippocampus (100×). D) Typical FPI + Phe juvenile male CA3 (100×). (E) Typical juvenile female FPI CA3 hippocampus (100×). (F) Typical FPI + Phe juvenile female CA3 hippocampus (100×), (G) High magnification (600×) typical viable sham control male neuron \#3, with intact cytoplasm and darkly stained nucleus and (H) High magnification (600×) typical male necrotic neurons, showing \# 4 pyknotic nucleus of small neuron, accompanied by neuronal cytoplasm shrinkage (\#5) and granulated eosinophilic characteristics ("red dead" neuron) (\#6) associated with cell death. Summary data for mean number of necrotic neurons (I) in CA1 and CA3 hippocampus of juvenile male and female pigs under conditions of sham control, FPI, and FPI + Phe, n=5. \*p\<0.05 compared to corresponding sham control value, ^+^p\<0.05 compared to corresponding FPI alone value, ^\#^p\<0.05 compared to corresponding female value.](nihms860952f5){#F5}
